Queuosine (Q) and archaeosine (G ؉ ) are hypermodified ribonucleosides found in tRNA. Q is present in the anticodon region of tRNA GUN in Eukarya and Bacteria, while G ؉ is found at position 15 in the D-loop of archaeal tRNA. Prokaryotes produce these 7-deazaguanosine derivatives de novo from GTP through the 7-cyano-7-deazaguanine (pre-Q 0 ) intermediate, but mammals import the free base, queuine, obtained from the diet or the intestinal flora. By combining the results of comparative genomic analysis with those of genetic studies, we show that the first enzyme of the folate pathway, GTP cyclohydrolase I (GCYH-I), encoded in Escherichia coli by folE, is also the first enzyme of pre-Q 0 biosynthesis in both prokaryotic kingdoms. Indeed, tRNA extracted from an E. coli ⌬folE strain is devoid of Q and the deficiency is complemented by expressing GCYH-I-encoding genes from different bacterial or archaeal origins. In a similar fashion, tRNA extracted from a Haloferax volcanii strain carrying a deletion of the GCYH-I-encoding gene contains only traces of G ؉ . These results link the production of a tRNA-modified base to primary metabolism and further clarify the biosynthetic pathway for these complex modified nucleosides.
It is well established that GTP is not only a molecule central to energy conservation and a precursor to the synthesis of RNA and DNA but also the precursor to a number of essential metabolites. These include riboflavin and the pterin-related coenzymes tetrahydropterin (BH4), tetrahydrofolate (THF), methanopterin, and molybdopterin. It is less well known that GTP is also the precursor of the 7-deazapurine derivatives found in tRNA (queuosine [Q] and archaeosine [G ϩ ]) ( Fig.  1A ) and in secondary metabolites such as toyocamacin (Fig.  1B) (26, 48) .
Due to the essential role of BH4 and THF as cofactors in many metabolic reactions and their links to inborn diseases (29, 49) , their biosynthetic pathways have been extensively studied and fully characterized at the molecular level in several model organisms (8, 16) . The first enzyme of the THF pathway, GTP cyclohydrolase I (GCYH-IA; encoded in Escherichia coli by the folE gene) (19) catalyzes the conversion of GTP to 7,8-dihydroneopterin triphosphate (Fig. 1C) , a complex reaction that begins with hydrolytic ring opening of the purine ring at C-8 to generate an N-formyl intermediate, followed by deformylation and subsequent rearrangement and cyclization of the ribosyl moiety to generate the pterin ring (34, 58) (Fig. 1C) . A homologous GCYH-I is found in mammals, where it catalyzes the first step of the BH4 pathway ( Fig. 1C) (49) . Recently, a distinct class of GCYH-I enzymes, GCYH-IB (encoded by the folE2 gene), was discovered in prokaryotes (12, 17) .
Q and G ϩ are among the most-complex modified nucleosides found in tRNA. Q is ubiquitous in prokaryotes and eukaryotes and is located in the wobble position of a subset of tRNAs possessing a GUN anticodon, while G ϩ is found at position 15 in most archaeal tRNAs. Although Q is present in both mammals and bacteria, only bacteria are capable of de novo Q biosynthesis. Eukaryotes acquire Q from the diet and/or from the intestinal flora (21) and insert queuine, the free base of Q, directly into the appropriate tRNAs (44) . The pathway for deazapurine biosynthesis is not as well characterized as are the THF and BH4 pathways, but the results of early radiolabeling experiments established that GTP is the probable primary precursor of 7-deazapurines (26, 47, 48) . In Salmonella enterica serovar Typhimurium, incorporation into Q was observed with [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]guanine, but not with [8] [9] [10] [11] [12] [13] [14] C]guanine, suggesting a loss of carbon-8 in a process analogous to that observed in the early step of pteridines and folic acid (25) . In Streptomyces, a nonconstitutive GCYH was implicated in toyocamycin biosynthesis (10, 11) . It was recently shown that a GCYH-I gene was indeed involved in deazapurine biosynthesis (31) .
The first established intermediate in the Q pathway is 7-cyano-7-deazaguanine (pre-Q 0 ) (37) (Fig. 1A) . In bacteria, pre-Q 0 undergoes reduction to 7-aminomethyl-7-deazaguanine (pre-Q 1 ) in a reaction catalyzed by the NADPH-dependent pre-Q 0 oxidoreductase (QueF; EC 1.7.1.13). Interestingly, while it catalyzes disparate chemistry, QueF is homologous to GCYH-IA (50) . Pre-Q 1 is subsequently inserted into tRNA by the enzyme tRNAguanine transglycosylase (TGT; EC 2.4.2.29) (36, 37) , which is encoded in E. coli by the tgt gene (35) . The rest of the biosynthesis of Q occurs at the level of the tRNA and involves the formation of epoxyqueuosine by S-adenosylmethionine:tRNA ribosyltransferase-isomerase (QueA; EC 2.4.2.-) (22, 45, 46) , followed by reduction of the epoxide in epoxyqueuosine by an as-yet-unidentified enzyme to give Q (13).
Pre-Q 0 is also the precursor of G ϩ (51) and is inserted into tRNA by an archaeal TGT enzyme (5) . The formation of G ϩ then occurs through the formal addition of ammonia to the nitrile of pre-Q 0 , but the enzyme responsible for this reaction is not known. Three other protein families essential for the formation of Q have been identified: the ATPase family member QueC (COG0603), the 6-pyruvoyl-tetrahydropterin synthase-like enzyme QueD (COG0720), and the radical-S-adenosylmethionine family member QueE (COG0602) (14, 40) . Mutants with the corresponding genes deleted lack Q in tRNA, but the role of the corresponding proteins remains to be determined. However, the fact that these three families are found in both the Archaea and Bacteria (40) implicates them in the early steps of the pathway prior to pre-Q 0 formation, as this metabolite is the last common intermediate in the pathways to Q and G ϩ (Fig. 1A) . Using a combination of comparative genomics and experimental validation, we demonstrate that GCYH-I is not only the first enzyme of the THF and BH4 pathways, but also the first enzyme of Q and G ϩ biosynthesis.
MATERIALS AND METHODS
Bioinformatics. Analysis of the Q and G ϩ subsystem was performed in the SEED database (38) . Results are available in the "Queuosine-Archeosine Biosynthesis" subsystem on the public SEED server (http://theseed.uchicago.edu /FIG/subsys.cgi). We also used the BLAST tools and resources at NCBI (2) . Annotations for paralog families were made using physical clustering on the chromosome when possible, by building phylogenetic trees using the ClustalW tool (7) integrated in SEED or by deriving specific protein motifs. The Holoferax volcanii genome sequence was accessed through the UCSC archaeal genome browser (43) .
Strains, media, and growth conditions. The strains used in this study are listed in Table 1 . E. coli derivatives were routinely grown in LB medium (BD Diagnostic System) at 37°C. The growth media were solidified with 15 g/liter agar (BD Diagnostic System) for the preparation of plates. Transformations of E. coli were performed by following standard procedures (33, 42) . Thymidine (dT; 300 M), ampicillin (Amp; 100 g/ml), kanamycin (Kan; 50 g/ml), isopropyl-beta-Dthiogalactopyranoside (IPTG; 1 mM), and L-arabinose (0.02 to 0.2%) were Plasmid constructions. The Methanococcus maripaludis S2 folE2 (MMP0034) and the Sulfolobus solfataricus P2 folE1 (SSO0364) genes were PCR amplified from the respective genomic DNAs as previously described (12) . The following primers, corresponding to the 5Ј and 3Ј regions of the genes, were used: MmfolE2 sense primer (5Ј-ATTCCATGGAATGCAATGACGTTCAGGCAA-3Ј), MmfolE2 antisense primer (5Ј-ATTCTGCAGTTAATTTGTTAAAGTTTTAAGTTC-3Ј), SsfolE1 sense primer (5Ј-ATTCCATGGAAAAGACAGAATTAGA-3Ј) and SsfolE1 antisense primer (5Ј-AATAAGCTTTCATAATAAGTTTACCTTATT TG-3Ј). PCR products were purified as described in reference 12, digested with NcoI/PstI for MmfolE2 and NcoI/SalI for SsfolE1, ligated into pBAD24 (18) Purification of bulk tRNA. For E. coli derivatives, two liters of cultures were grown overnight at 37°C in multiple Fernbach flasks of LB medium supplemented with Amp (50 g/ml), dT, arabinose, or IPTG when required; harvested; and then stored at Ϫ20°C. The cell pellets were defrosted and resuspended in 20 ml of buffer (10 mM Tris, 10 mM MgCl 2 , pH 7.4) and extracted with an equal volume of buffer-saturated phenol, pH 4.3 (Sigma). For H. volcanii derivatives, two liters of cell cultures in Hv-rich medium were grown until late log phase at 45°C in 3-liter Fernbach flasks, harvested, and then stored at Ϫ20°C. The cell pellets were defrosted and resuspended in 20 ml of buffer (10 mM Tris, 10 mM MgCl 2 , pH 7.4) and disrupted with an HC-8000 Microfluidizer processor (Microfluidics Corp., Newton, MA). The homogenate was treated with buffer-saturated phenol, pH 7.4 (Sigma). For both E. coli and H. volcanii tRNA preparations, the aqueous layer was collected after the phenol extraction step, and the RNA was precipitated with ethanol. The bulk tRNA was then purified on Nucleobond AX-400 columns (Clontech, Palo Alto, CA) (according to the manufacturer's protocol) and precipitated with isopropanol.
HPLC separation and electrospray MS-MS analysis of digested bulk tRNA. To compare the nucleoside constituents of the bulk tRNA purified from the different strains, samples of each purified bulk tRNA preparation were enzymatically hydrolyzed as described by P. Crain (9) . Approximately 100 g of bulk tRNA was digested with 10 units of nuclease P1 (Sigma), 0.01 units of phosphodiesterase I (Sigma), and 3 l of E. coli alkaline phosphatase (Sigma P4252) in a total volume of 113 l. The digested extracts were lyophilized and resuspended in 20 microliters of water. The resuspended tRNA degradation extracts were injected into a liquid chromatography-tandem mass spectrometry (LC-MS-MS) system for separation and identification of the nucleosides. A C 18 -RP (Gemini 5, 250 by 4.6 mm; Phenomenex, Torrance, CA) analytical column was used, with a C 18 cartridge to prolong its lifetime. The mobile phase consisted of two solvents: 250 mM of ammonium acetate, pH 6.0, for solvent A and 40% acetonitrile for solvent B. The gradient used for nucleoside separation was previously described in Pomerantz and McCloskey (39) . It consisted of an elution gradient of several steps: 0 to 5% B in 7 min, 5 to 10% B in 15 min, 25 to 50% B in 5 min, 50 to 75% B in 4 min and stay at 75% B for 3 min, then 75 to 100% B in 8 min. The column was then washed at 100% B for 7 min and reequilibrated at 100% A for 10 min. The flow rate used was 1 ml ⅐ min Ϫ1 . Chromatography was performed at room temperature. The elution of nucleosides was followed by UV detection at 254 nm. The high-performance liquid chromatography (HPLC) system was coupled to a hybrid triple-quadrupole ion trap (4000 Q-Trap, Applied Biosystems, Foster City, CA) MS equipped with a TurboIonSpray (TIS) interface operated in the positive ion mode. The electrospray ionization parameters were curtain gas at 30 lb/in 2 , ion source at 5,000 V, nebulizer gas at 45 lb/in 2 , TIS gas at 45 lb/in 2 , and TIS probe temperature at 300°C. The information-dependent acquisition mode of operation was employed, in which a survey scan from 100 to 600 m/z was acquired, followed by collision-induced dissociation of the two most-intense ions. Survey and MS-MS spectra for each information-dependent acquisition cycle were accumulated for 1 and 3 s, respectively. To compare tRNA concentrations, we compared the ratio of the levels of the ⌿-modified base (245 m/z) with the levels of Q (410 m/z) and G ϩ (325 m/z) in each sample by integrating the peak area from the extraction ion chromatograms. The MS-MS fragmentation data was also used to confirm the presence or absence of nucleosides Q and G ϩ . All tRNA extractions and the analyses were performed at least twice independently.
RESULTS
Clustering of folE1 and folE2 with Q biosynthesis genes. While QueF and GCYH-I are similar in sequence, they catalyze markedly different reactions (50) . However, genes of this family are still annotated as GCYH-I or as "related to GCYH-I" in half of the genomes in GenBank. Previous structure-based alignment of GCYH-I and QueF led to the identification of a QueF signature motif, E 78 (S/L)K(S/A)XK(L/Y) (Y/F/W) 85 (residue numbers are those of the Bacillus subtilis QueF ortholog YkvM) (50) . The presence of this motif was used to propagate the QueF annotations in the SEED database (38) : all homologs that contained the QueF signature motif where named "NADPH-dependent pre-Q 0 reductase" so that both QueF and FolE orthologs were correctly annotated in all genomes. Taking advantage of the SEED subsystem clustering tool that will identify the genomes in which genes of a given subsystem are physically clustered by a coloring scheme, we added the folE gene in the "Queuosine-Archeosine Biosynthesis" subsystem that had previously been encoded (38) and observed that folE genes clustered with known Q biosynthesis genes (tgt, queA, and QueCDEF) in several bacteria and in one archaeal organism ( Fig. 2A) . This physical clustering evidence, combined with the results of early labeling studies implicating GCYH-I activity in Q biosynthesis, leads to the natural hypothesis that GCYH-I is the first enzyme of both the THF and pre-Q 0 pathways. However, phylogenetic distribution analysis revealed that not all organisms predicted to contain a pre-Q 0 pathway (because of the presence of the queCDE genes) contain a folE homolog (see archaeal examples in Fig.  3 ). This apparent discrepancy was reconciled by the discovery of the folE2 gene family (12, 17) . FolE2 genes also cluster with Q biosynthesis genes (Fig. 2B) , and nearly all genomes containing queCDE gene orthologs contain a folE or a folE2 gene (see Fig. 3 for archaea and the "Queuosine-Archaeosine Biosynthesis" subsystem in the SEED database for bacteria).
GCYH-I is involved in Q biosynthesis.
If GCYH-I catalyzes the first step of Q synthesis, then tRNA purified from a ⌬folE strain of E. coli should lack the Q ribonucleoside. To examine the nucleoside constituents, bulk tRNA was purified from cultures of the E. coli W6 (wild type [WT]) and ⌬folE::Km r strains, enzymatically hydrolyzed, and dephosphorylated, and the mononucleosides analyzed by LC-MS-MS as described in Materials and Methods. As shown in Fig. 4A , the 410 m/z ion which corresponds to the protonated molecular weight (MHϩ) of Q was detected by MS at 19.6 min for the WT, while no 410 m/z ion was detected in the ⌬folE (VDC5211) strain. The peak detected by the MS is usually delayed by a few seconds from the peak detected by the UV detector, which is the time for the compound to travel from the HPLC column into the MS. As the growth of the ⌬folE strain is poor even in the presence of dT (most certainly because of the lack of formylation of initiator tRNA), the yield of tRNA was lower, with a ⌿ ratio of 1.8 between the yield of the WT and that of the mutant strain. We then transformed the ⌬folE strain with a plasmid expressing E. coli folE (VDC7049). LC-MS-MS analysis of bulk tRNA showed that complementation of the Q Ϫ phenotype had occurred (Fig. 4B) , with an actual increase in the level of Q when the E. coli folE gene was overexpressed (ϳ1.9-fold increase). Complementation also occurred with a plasmid expressing the folE2 gene from B. subtilis (VDC5196) (Fig. 4B ).
Archaeal and bacterial folE genes are functionally equivalent. If GCYH-I is the first enzyme of pre-Q 0 biosynthesis, the corresponding gene should also be found in all Archaea. Analysis of the distribution of folE, folE2, and queCDE genes in Archaea is presented in Fig. 3 . A few archaea (such as Ferroplasma acidarmanus and the Sulfolobus) have a folE1 gene, and in F. acidarmanus it clusters with queDEF homologs (Fig. 2A) . All other archaea contain folE2 homologs. To test if the folE genes found in archaeal genomes could functionally replace their bacterial counterparts in vivo, the folE gene from Sulfolobus solfataricus P2 and the folE2 gene from M. maripaludis were cloned into pBAD24 and transformed into the E. coli ⌬folE::Kan r strain. The transformants were plated on LB supplemented with dT, Amp, and Kan and screened for the ca- allele and of the pBAD24 derivatives in the transformants was confirmed by PCR as described in Materials and Methods (Fig.  4C) . The dT auxotrophy phenotype of the ⌬folE strain was complemented by both families of archaeal folE genes (Fig.  4C) . A large amount of arabinose (0.2%) was needed to observe the complementation, which is not surprising as Sulfolobus solfataricus is thermophilic and M. maripaludis has a high GC content; hence, the activity of the S. solfataricus enzyme and expression of the M. maripaludis gene could be low in the AT-rich mesophilic E. coli. tRNA was then extracted from the two complemented strains (VDC5200 and VDC5198) and analyzed by LC-MS. As shown in Fig. 4B , complementation of the Q Ϫ phenotype was observed in the expression of the M. maripaludis ortholog (VDC5198), even though the complementation level was not as high as with the bacterial folE genes (ϳ20% of WT levels). Only trace amounts were observed in the folE S. solfataricus complementation experiment (Ͻ3% of WT levels) (data not shown), and further analysis with improved expression levels of the enzyme is needed to confirm that this gene can complement the Q Ϫ phenotype of the folE strain even though it clearly complements the dT auxotrophy phenotype (Fig. 4C) .
GCYH-I is involved in G ؉ biosynthesis. The complementation results for E. coli showed that the folE genes of archaeal and bacterial origin are functionally equivalent for Q biosynthesis. To test if folE is required for G ϩ biosynthesis, we compared the modification profile in tRNA extracted from H. volcanii strain H26 or from a derivative that contains a deletion of the entire folE2 gene (HVO_2348 in the UCSC database) that had been previously constructed (B. El Yacoubi, G. Phillips, C. Haas, I. K. Blaby, Y. Cruz, J. Greenberg, and V. de Crécy-Lagard, submitted for publication). As shown in Fig. 5A , the peak observed for the protonated molecular weight of G ϩ (325 m/z), corresponding to the 25.7-min peak detected on the UV trace present in the WT H. volcanii H26 strain, was reduced nearly 58-fold in the ⌬folE2 derivative (VDC3235). A slight growth defect was repeatedly observed in the ⌬folE2 strain grown at 45°C in Hv-rich medium supplemented with dT (Fig. 5B) . Further studies are needed to establish the statistical relevance of this result and distinguish between an effect of the reduced levels of G ϩ or of the absence of folates.
DISCUSSION
The combination of the results of comparative genomic analysis (clustering and phylogenetic distribution) with the absence of Q in bulk tRNA extracted from the E. coli folE mutants demonstrates that GCYH-I is required for Q biosynthesis. The analysis of bulk tRNA extracted from a folE2 H. volcanii mutant showed a 60-fold reduction of G ϩ , suggesting that GCYH-I is also critical for G ϩ biosynthesis. We have shown that the H. volcanii folE2 deletion is auxotrophic for folate-dependent metabolites (El Yacoubi et al., submitted), making it unlikely that a nonspecific enzyme or a yet-to-bediscovered folE gene is the cause of the residual G ϩ content. Another possibility currently under investigation is that the small amount of G ϩ could be due to a salvage pathway, as the growth medium used contained bacterial and meat extracts that could contain pre-Q 0 (51). Grochowski and coworkers (17) have shown that the GCYH-IB enzyme of Methanocaldococcus jannaschii (MptA) has GCYH-I activity in vitro. However, the product of the MtpA-driven reaction was found to be 7,8-dihydroneopterincyclic phosphate, not 7,8-dihydroneopterin triphosphate as observed for the bacterial GCYH-IA and IB enzymes (10, 12 All sequenced prototrophic Archaea have a folE1 or a folE2 gene. Folate is known to be present at high concentrations in extremely halophilic Archaea (53) , whereas other Archaea use related compounds, such as methanopterin, as a C 1 donor (54) (55) (56) . It has been proposed that GCYH-IB in methanogens is involved in methanopterin biosynthesis (17) , and our data are consistent with a role for GCYH-IB in G ϩ biosynthesis as well. The situation is somewhat complicated by the presence of GCYH-III, which is found in some Archaea and is proposed to be involved in riboflavin and F420 biosynthesis (15) . Comparative genomics analysis of the GCYH-III family strengthens this prediction; clustering of the GCYH-III genes with F420 and riboflavin biosynthetic genes is observed, but not clustering with methanopterin or G ϩ biosynthetic genes (data not shown). There is also an inverse distribution of GCYH-III and GCYH-II (classically involved in riboflavin synthesis) genes in Archaea (Fig. 3) . Hence Archaea have used two nonorthologous solutions for both GCYH-I and GCYH-II activities.
Several tRNA modifications share biosynthetic pathways with primary metabolites, allowing the potential fine-tuning of translation with the metabolic state of the cell. The best-documented example is the biosynthesis of i 6 A [N6-(A2-isopentenyl)adenosine] derivatives. Competition for dimethylallyl pyrophosphate, an intermediate of both the isoprenoid and the i 6 A pathways, can increase frameshifting (6) when the relevant tRNAs lack i 6 A. Another example is the biosynthesis of ho 5 U and its derivatives, which are linked to aromatic amino acid synthesis through the common intermediate chorismate. Finally, several tRNA modification enzymes contain iron-sulfur clusters (28) ; one can predict that these biosynthetic pathways will be affected by iron availability and other factors, such as oxidation, that affect the synthesis of iron-sulfur clusters in the cell (28) . The fact that THF and Q share a common intermediate links translational accuracy to the level of the GTP pool and to the accumulation of 7,8-dihydroneopterin triphosphate. Little is known about the regulation of GCYH-I enzymes in bacteria. In mammals, GCYH-I is under negative-feedback inhibition through interactions with the GCYH feedback reg- (24) , but this is not observed in bacteria as they lack this protein, and the overexpression of folate or BH4 biosynthetic genes results in overproduction of the final products (52, 57) . In E. coli, the expression of the folE gene has been shown to be under the control of the negative regulator MetJ (30) . The folE1 gene (mtrA) of B. subtilis is in an operon with the TRAP-encoding gene (mtrB). TRAP regulates the Tryp/folate operon in B. subtilis (4), but it is not known how the mtrAB operon itself is regulated. In any case, the levels of Q could certainly be affected by the competition for an intermediate of the folate pathway, and further studies are needed to explore this possibility. As for known mechanisms of regulation of Q levels in the cell, two different types of pre-Q 1 binding riboswitches have recently been discovered upstream of Q biosynthesis and potential salvage genes (32, 41) These riboswitches are found only in some gram-positive bacteria, suggest- supplemented with dT at 45°C was followed by measuring optical density (A 600 nm ). Growth of three independent clones for each strain was followed. The average of the three growth curves is presented; the error bars correspond to the plus-or-minus standard deviation. O.D., optical density.
ing that other types of regulatory mechanisms are yet to be discovered.
